The environmental Kuznets curve (EKC) hypothesis proposes that there is an inverted U-shape relation between environmental degradation and income per capita. Various explanations for this phenomenon have been put forward and some authors argue that important explanatory variables are omitted from conventional EKC estimates. Inclusion of these omitted variables is argued to increase the estimated "turning point" -the level of GDP per capita above which environmental degradation is declining. In this paper we use a new cross-section/time-series data base of sulfur emissions for a wide range of developed and developing countries. The methodology involves estimating EKCs for subsets of this database as well as for the sample as a whole. The results show that estimating an EKC using data for only the OECD countries, as has often been the case, leads to estimates where the turning point is at a much lower level than when the EKC is estimated using data for the World as a whole. The paper explores possible explanations of these results using Monte Carlo analysis, and other statistical tests.We conclude that the simple EKC model is fundamentally misspecified and that there are omitted variables which are correlated with GDP.
Introduction
The environmental Kuznets curve (EKC) hypothesis proposes that there is an inverted U-shape relation between various indicators of environmental degradation and income per capita. A number of theoretical explanations for this relationship have been put forward (e.g. Pezzey, 1989; Lopez, 1994; Selden and Song, 1995) but not empirically tested. Recently, a number of empirical studies have examined whether particular additional variables are responsible for the EKC relationship (Stern, 1998) . These researchers either argue that income and income squared are merely proxies for the true underlying variables or that additional explanatory power is contributed by the additional variables. However, there has been little systematic effort to test whether the basic EKC model is adequately specified. The finding that a specific variable helps explain the pattern of emissions or concentrations is subject to potential omitted variables bias. The number of diagnostic statistics used in EKC studies has increased over time (Stern, 1998) . But the results of these tests have only been used to select estimators and not to question whether the basic EKC model is correctly specified.
A recent paper by Dijkgraaf and Vollebergh (1998) represents a departure from this trend. The study estimates EKCs for carbon emissions for a panel data set of OECD countries and individual time series for each of the countries in the panel. The authors find that the coefficients in the individual time series regressions vary widely. They found linear, inverted-U shaped, U shaped, and cubic EKCs in the individual countries vs. an inverted U in the sample as a whole. They also found that in only some countries were the residuals serially correlated while the panel estimate had serially correlated residuals. The conclusion is that there is not a meaningful EKC for carbon emissions while there are some meaningful relations between income and emissions in individual countries.
The majority of EKC studies, with the exception of carbon emissions studies, are estimated using emissions data for some or most OECD countries or concentrations data for a variety of cities primarily in developed countries. These regressions typically show turning points -i.e. the level of income above which pollution declines -well within the sample. Interestingly, estimated turning points for carbon EKCs are usually far above the maximum GDP in the sample. The usual explanation for this is that carbon does not have local pollution impacts and has therefore not been regulated, while emissions such as sulfur have obvious and more localized impacts and have been subject to regulation (Shafik, 1994) . But the Dijkgraaf and Stern, Auld, Common, and Sanyal: Environmental Kuznets Curve ___________________________________________________________________________ 2 Vollebergh (1998) EKC (estimated with fixed time and country effects), which is limited to OECD countries, has a turning point at 54% of maximal GDP in the sample.
It is possible, that due to omitted variables, turning point estimates from regressions using only developed country data may be biased downwards -assuming that there is an EKC relationship of some sort. 1 For example, trade specialization may be a significant factor in explaining the differences in emissions among countries . Developed countries will tend to be specialized towards the production of capital and knowledge intensive goods while developing countries will tend to be specialized towards the production of labor and resource intensive goods. Ceteris paribus, emissions will be lower in developed countries and higher in developing countries. However, this is not an EKC type relation, because as economic growth proceeds though some countries might "outsource" their pollution to other countries, some countries must still be specialized towards resource intensive production. If pollution is being reduced in some countries by this type of "shell game" then eventually there will be no countries to which polluting production can be redirected. If this is the case, then the EKC is an illusion as regards its implications for the development of the world economy . In this type of world, estimation of an EKC using just developed country data will suggest that pollution reduction is easier than it is in fact for the World as a whole.
Sulfur emissions and concentrations are one variable for which there is evidence from a number of authors on the existence of an inverted U-shape EKC (e.g. Grossman and Krueger, 1995; Shafik, 1994; Panayotou, 1995; Selden and Song, 1994) . Therefore it is of particular interest to examine this variable in a study of the possible downwards bias of existing estimates. Also, simultaneity issues will be less important than they might be for energy, CO 2 , or deforestation EKCs (Stern, 1998) . In principle, sulfur can be removed using "end of pipe" technologies. Also, substitution away from coal or high-sulfur coal is far easier than substitution away from fossil fuels in general. Therefore, changes in sulfur emissions are less likely to drive GDP growth than are changes in energy use, CO 2 emissions etc.
In this paper we make use of a new data set on sulfur emissions (A.S.L. and Associates, 1997) . This database includes emissions of sulfur from burning hard coal, brown coal, and petroleum, and sulfur emissions from mining and smelting activities for most of the countries of the world from 1850 to 1990. Estimated emissions are based on the use of these fuels and the level of mining activity, estimated sulfur content and estimated sulfur retention or removal from waste streams. These data have been compiled due to the strong interest in the role of ________________________________________________________________ 1 Panayotou (1993) uses data for a large number of countries to estimate a sulfur EKC.
However, this turning point estimate is biased downwards because of use of ordinary exchange rates in place of PPP data and a cross-section dataset in place of a panel dataset . Stern, Auld, Common, and Sanyal: Environmental Kuznets Curve ___________________________________________________________________________ sulfur emissions in affecting global temperatures, primarily in the northern hemisphere, in the last century and a half (Mitchell et al., 1995; Santer et al., 1996b; Kaufmann and Stern, 1997) .
Previous time series (e.g. Dignon and Hameed, 1989; Hameed and Dignon, 1992; Kato, 1996; Stern and Kaufmann, 1996) were not available at this resolution either temporally or spatially or were confined to certain countries and regions (e.g. OECD, 1994; US EPA, 1995) .
Previous EKC analyses of sulfur have used either ambient concentrations (e.g. Grossman and Krueger, 1995; Shafik, 1994) , cross sectional emissions estimates (Panoyotou, 1993) , or data from mainly OECD countries in the 1970s and 1980s (Selden and Song, 1994) . Our global EKC estimates use data for all countries that have a full set of sulfur and GDP per capita data (from the Penn World Table) The next section of the paper reviews the literature on sulfur EKCs with particular attention to estimated turning points. Subsequent sections investigate potential bias using regressions for the world as a whole, OECD, and non-OECD samples, Monte Carlo analyses, and time series regressions for individual countries.
Literature Review of Sulfur EKCs
A number of authors have estimated environmental Kuznets curves for sulfur (Cole et al., 1997; de Bruyn, 1997; de Bruyn et al., 1998; Grossman and Krueger, 1991; Kaufmann et al., 1998; Panayotou, 1993 Panayotou, , 1995 Panayotou, , 1997 Selden and Song, 1994; Shafik, 1994; Shafik and Bandyopadhyay, 1992; Shukla and Parikh, 1992; Torras and Boyce, 1996; Vincent, 1997) . In this section, we review the various estimates. The results are summarized in terms of turning points. argued that higher turning points are found for regressions using purchasing power parity exchange rates and emissions relative to regressions using market exchange rates and ambient concentrations. These factors need to be controlled for when we examine the impact on the estimated turning point of different temporal and geographical samples and additional explanatory variables. Therefore, we pay particular attention to the countries and time periods in each sample, whether sulfur is measured in terms of emissions or in terms of ambient concentrations, whether GDP is measured in ordinary exchange rates or in purchasing power parity terms, and which additional explanatory variables (besides GDP and GDP squared) are included in the model. These attributes are summarized in (1993) estimates the lowest turning point -$2894. However, his single cross-section of data was based on the consumption of different fuels under the assumption that emissions coefficients are the same in all countries. Also, he measured income using market exchange rates resulting in a lower turning point ceteris paribus. Both Selden and Song (1994) and Cole et al. (1997) use databases that are dominated by, or consist solely of, emissions from OECD countries. Their estimated turning points are $6000 and $8700 respectively.
All these turning points are far lower than our estimate reported in the last row of the table and discussed in the next section of the paper.
Global, OECD, and non-OECD EKC Estimates

a. Data and Econometric Methods
The data are described above and in the Appendix. An additional point of interest is that ASL's estimated emissions for many developed countries, such as West Germany, Canada, Sweden, and Japan, differ substantially from the better known OECD estimates. UK and US data are similar in both databases. OECD estimates for the former group of countries tend to overestimate emissions in the early 1970s and underestimate emissions in the late 1980s and the 1990s relative to the ASL data. The ASL data show much smaller reductions in emissions over time for these countries. In the case of Sweden emissions rise over time instead of declining.
Also Vincent (1997) shows a steep decline in Malaysian emissions between 1988 and 1989 due to a switch to gas-fired electricity generation. The ASL data show a big increases in emissions from coal burning at exactly the same point in time. The complete dataset of 2294 observations is presented in Figure 1 . Generally emissions rise with income though there is some sign of a decline at high income levels. The outliers at the upper right are Kuwait which had both very high income and emissions in the 1960s. Omitting Kuwait from the sample does not significantly alter the results reported in this paper.
We estimate a logarithmic quadratic EKC for World, OECD, and non-OECD samples. We use both fixed effects and random effects models with both country and time effects. Both dependent (emissions per capita) and independent (PPP GDP per capita) variables are in natural logarithms. The model is given by:
where S is sulfur emissions in tonnes of sulfur, P is population, ε is a random error term, the α i are country specific intercepts, the γ t are time specific intercepts, and the countries are indexed by i and the time periods by t. The time specific intercepts should account for some time varying omitted variables and stochastic shocks that are common to all countries. They may help reduce the degree of serial correlation in the remaining residual. The turning point level of income is calculated by τ = exp( -β 1 / (2 β 2 ) ).
The fixed effects model treats the α i and γ t as regression parameters. In practice, the means of each variable for each country are subtracted from the data for that country and the mean for all countries in the sample in each individual time period is also deducted from the observations for that period. Then OLS is used to estimate the regression with the transformed data. The random effects model treats the α i and γ t as components of the random disturbance. The residuals from an OLS estimate of the model with a single intercept are decomposed and used to transform the variables. More details are provided by Hsiao (1986) .
If there is correlation between the effects α i and γ t and the explanatory variables then the random effects model cannot be estimated consistently (Mundlak, 1978; Hsiao, 1986) . Only the fixed effects model can be estimated consistently. The extent of such bias in the random effects estimate can be tested using a Hausman (1978) test. This test compares the slope parameters estimated for fixed effects and random effects models. A significant difference indicates that the random effects model is estimated inconsistently. It is our contention that omitted variables will be accounted for by the country and time effects in the model. Therefore the Hausman test can be used as an indication of bias due to omitted variables. To make sure of this interpretation we also use Monte Carlo analysis (section 3c.) and individual country regressions (section 4.).
b. Econometric Results
The results are presented in Table 2 . First we examine the results for the World as a whole.
This EKC has an inverted U shape for both random and fixed effects formulations. Adjusted R 2 is not comparable for the fixed effects and random effects models as the dependent variable is transformed differently in the two cases. The Hausman test indicates that the effects are correlated with the explanatory variables so that the random effects model cannot be estimated
consistently. Both models (fixed and random effects) show strong serial correlation. This too is an indication of serious misspecification. The Durbin Watson test can also be used as a cointegration test (Engle and Granger, 1987) . The critical value at the 5% level is 0.35. The
World model residuals are just on the borderline between cointegration and non-cointegration.
Lack of cointegration indicates that integrated (random walk or I(1)) variables that are necessary Stern, Auld, Common, and Sanyal: Environmental Kuznets Curve ___________________________________________________________________________ 6 to provide an adequate model of the data are omitted or possibly that irrelevant integrated variables have been included in the model.
The time effects show a decline in emissions ceteris paribus (Figure 2 ). The average rate of decline is 1.5% per annum. These time effects do not point to sudden declines associated with events such as the oil price shocks and the LRTAP protocols of the 1980s in Europe, but instead to more subtle variations imposed on a long run decline. The implied turning point is very high by the standards of the existing literature -$78703.
These results suggest two propositions:
1.
When data for a large number of developing countries are included in the EKC a much higher turning point results than in previous studies that use just OECD data. Essentially the global EKC is monotonic as the estimated turning point is far above all countries' income levels except 1960s Kuwait. This result is in line with results for carbon emissions (Dijkgraaf and Vollebergh, 1998) . We will test this hypothesis by estimating regressions for OECD and non- point is well within sample. This result is in line with previous studies such as Selden and Song (1994) and shows that differences between our data and OECD data are not the reason for the very high estimate of the global turning point.
The 51 non-OECD countries dominate the sample and so their results are mostly similar to those for the World as a whole. As in the case of the World model, the random effects model cannot be consistently for the non-OECD countries. The estimated turning point is extremely high -$131867 -almost double the turning point for the global sample. The EKC is therefore monotonic for the non-OECD countries. The estimated time effects (Figure 2 ) are very similar to those estimated for the global sample. Emissions decline strongly over time though emissions increase strongly with rising income levels. Serial correlation is very strong but marginally less severe than for the global model.
The adjusted R 2 statistics can be compared across the three subsamples. The coefficient of determination is greater in the OECD subsample than in the World sample but slightly lower in the non-OECD subsample than in the sample as a whole. An F test can be calculated for both the random effects and fixed effects models and is reported in Table 2 . As the random effects model is not consistently estimated the Chow test for the fixed effects model is most relevant.
The null hypothesis that there is a single world EKC model can be easily rejected at 5% or 2% levels but not at a 1% level of significance.
As the estimated residuals show a very high degree of serial correlation we also estimated models using first differences (Table 3) :
In this case the constant represents the mean rate of technical progress. The goodness of fit of these models is, as expected, far lower than for the levels models but the OECD estimates are totally statistically insignificant. The coefficients for the non-OECD and World models are significant at the 10% level and above. These models exhibit moderate positive serial correlation. The rates of technical change in the first difference results are about twice as great as in the levels results. The turning points are less extreme than for the levels estimates but the non-OECD and World turning points are still above the incomes levels of all countries except 1960s Kuwait while the OECD turning point is well within sample.
c. Monte Carlo Analyses
Further insight can be gained from a Monte Carlo study that assumes that the data generating process is a single global EKC. The differences between the estimated parameters using this artificial data and the parameters estimated using real data can throw further light on the reasons why the global EKC model fails.
We generated data for four alternative artificial models: a model with different country and time intercepts, a model with just different intercepts for each country, a model with just different intercepts for each time period, and a model with a single global intercept. In each case we used the global fixed effects parameter estimates and actual observations on GDP per capita to generate the deterministic part of the model. Note that the estimated fixed country effects have, by construction, 2 a very low correlation with the GDP variables: .05693 and .06458 with ln(GDP/P) and ln(GDP/P) 2 . The time effects have a stronger correlation with the untransformed income variables: -0.189559 and -0.190732 respectively. Thus, at least in the case of the country fixed effects the difference between the turning points in the simulation and in the data reflects in part the effect of correlation between the true effects and the income variables.
To the deterministic part we added normally distributed random errors with the same standard deviation as the estimated residuals in the global model. In each case we generated 500 data sets of 2294 observations each. We estimated 3 regressions with each data set -World, OECD, and non-OECD, using each of the two methods -fixed effects and random effects. In total we estimated 12000 regressions. The results are presented in Table 4 
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These results show that even when a single stochastic time trend is forced on the World as a whole but different intercepts, which are uncorrelated with GDP, are allowed in different countries differences emerge between the turning point estimates in the subsamples. But these differences are smaller than in the true data. This shows that the correlation between the true country effects and GDP and differences between the true time trends and the true income parameters across countries account for most but not all of the lower turning point in the OECD and higher turning point in the rest of the World.
The explanation for the differences between the country and time intercepts Monte Carlo results and the country intercepts only might be because GDP has been more consistently trending up in the OECD countries than in the developing countries in the sample. The average growth rate of income per capita in the OECD was 2.9% with a standard deviation of 2.9% while in the non-OECD it was 1.9% with a standard deviation of 6.6%.
It might be suggested that the global model's failure is due to there being different EKCs in different regions -i.e. different slope parameter estimates and not due to omitted variables. This might explain why the random effects estimator is consistent for the OECD countries as a group (though it is still inconsistent for the non-OECD countries group). A Monte Carlo analysis of this hypothesis uses the parameter estimates from the two subsamples to generate the data set and then fixed and random effects global regressions are estimated using the joint dataset. The median Hausman statistic is 7.4994 which is significant at 2.35%. Note that though the country and time effects used in the simulated data in each subsample are relatively uncorrelated with GDP in that subsample, there is a correlation in the dataset as a whole.
Individual Country EKC Estimates
The results in the previous section show that no simple global EKC exists. However, the division between OECD and non-OECD subsamples is essentially arbitrary and as shown by, for example, the presence of severe serial correlation, these subsamples are still far too pooled.
In this section we examine the adequacy of different EKC models in each individual country as an explanation of emissions in those countries. In addition we can throw further light on the reasons why the global EKC is inadequate.
For each country we estimated two specifications for the determination of per capita emissions:
one quadratic in per capita income, the other quadratic in the logarithms of per capita income. A linear time trend was also included in both cases. At face value the results were very mixed, with no obvious patterns emerging in relation to the level of per capita income, geographical location etc.
Stern, Auld, Common, and Sanyal: Environmental Kuznets Curve ___________________________________________________________________________ Table 5 . summarizes the results for the 20 countries for which the EKC hypothesis could be strongly supported -the coefficients of the two income variables are correctly signed and significant in both specifications. In 14 countries the time trend is significant in both specifications, and in 11 of these the coefficient on this variable is negative. A positive intercept in the levels specification implies that there are emissions of sulfur when no economic activity occurs and is therefore ruled out on theoretical grounds. On the other hand, a negative intercept is possible. At very low levels of income no coal or oil is used and no metal smelting is carried out. Only after a minimum threshold level of income is exceeded might these activities take off.
Therefore emissions for a range of extremely low incomes can be approximated by a negative intercept. The only positive levels intercept reported in Table 5 . is not significantly different from zero.
For the 15 countries in Table 6 . the results of one of the two specifications support the EKC hypothesis (8 of the logarithmic models and 7 of the levels models) while the results using the other specification do not. For 10 of these countries the corresponding turning point is outside the sample range for per capita income. As in Table 5 ., turning points outside the sample occur for both OECD and non-OECD countries. For 5 countries the levels intercept is positive and significant. Table 7 . lists the 24 countries for which the EKC hypothesis is unequivocally rejected, in that the income coefficients are incorrectly signed in both the levels and logarithms specifications.
In 14 cases both specifications involve significant coefficients on income terms. The direction of the time trends is mixed -8 positive, 10 negative.
These tables do not account for 15 countries where the income coefficients were correctly signed in one or both specifications, but were not, where correctly signed, significant. This group included 4 OECD countries -Austria, Australia, Belgium and Denmark.
The Durbin Watson statistics on the whole showed no autocorrelation or moderate serial correlation. In only one country was the cointegration hypothesis rejected. So while the EKC model provides an adequate explanation of the data in most cases the great variation in parameter estimates suggests that the results are not very meaningful.
The results for individual country regressions can be summarized in the joint distribution of the regression parameters -that is the distribution of the four regression parameters when the 74 countries are treated as observations. Initially we planned to test whether the parameters in each country's regression all came from the same distribution and therefore whether a single regression model was valid. However, we soon realized that there were very strong correlations between the four parameters as shown in Table 8 . This meant that looking at Stern, Auld, Common, and Sanyal: Environmental Kuznets Curve ___________________________________________________________________________ histograms for individual parameters makes little sense. In fact the correlations between the constant and the two GDP parameters are close to 1 or -1. The trend parameter is not closely correlated with the others. The larger the constant is, the greater in absolute value are both the GDP parameters. The absolute values of the two GDP coefficients also covary strongly and positively. These correlations are a similar phenomenon to the inconsistency of the random effects models discussed in the previous section. In this case, though, the correlation is between the intercepts and the coefficients of the GDP variables while in the previous section the relevant correlation was between the intercepts and the GDP variables themselves. Most of the EKC effect is taken up by the individual country means and the GDP parameters in the individual country regressions then adjust to cope with these different intercepts. Basic differences between countries are much more important in explaining the EKC than is growth within countries. We also tested the goodness of fit of the 74 regressions versus the global model with a linear time trend and fixed country effects -a test of variation in the slope parameters but not the intercepts. The test statistic is distributed as F(219, 296) and has a value of 17.59741 which is significant at any level (i.e. 0.0000) rejecting the null that the slopes are the same in the global model and the individual country regressions.
Conclusions
Our results show that estimating an EKC using data for only the OECD countries, as has often been the case, leads to estimates where the turning point is biased downwards relative to emissions reduction possibilities suggested by the EKC estimated using data for the World as a whole. This high global turning point suggests that trade effects could be important. OECD countries have higher emissions reduction possibilities because they can outsource dirty production to the rest of the World through trade specialization. The estimated turning points in individual countries (Tables 5 and 6 ) are often even lower. Our analysis was aimed at finding purely statistical evidence for or against this proposition. This appears to be due to the omission of two classes of variables: a) serially correlated, integrated, and/or trending variables global variables that correlate with the more consistent economic growth seen in OECD countries b)
variables that differ between countries whose means in each country are correlated with mean GDP in those countries. Some of the latter class of variable may also be time dependent. As shown by the Monte Carlo analysis, this latter class of variables seems most important in explaining the relatively lower turning point estimated using samples of OECD countries and therefore in explaining the previously reported EKC for sulfur. Global macro-economic trends or shocks do seem less important. The results do not support the notion that the oil crises of the 1970s are important in explaining the EKC relationship.
We emphasize, that the solution to these problems is not just the use of more widely representative databases such as the ASL database. The tests reported in the paper show that this global model is fundamentally misspecified.
Though the econometrics in this paper provide a number of insights into the nature of the relationship between sulfur emissions and income, our point can also be made by just graphing the data for pairs of economies at similar income levels (Figure 3 ). Australia and the United
Kingdom have similar levels of income and saw a similar increase in income per capita from 1960 to 1990. However, their resource endowments and the changes in their economic structure over time are very different. In the figure we see a steep decline in British emissions and slight increase in Australian emissions. The difference in total emissions would be even more striking due to relatively rapid population growth in Australia. Differences between countries seem more important than growth within countries in generating the EKC phenomenon. As we argued in our 1996 paper :
"We believe that a more fruitful approach to the analysis of the relationship between economic growth and environmental impact would be the examination of the historical experience of individual countries, using econometric and also qualitative historical analysis. " (1159). 
